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Abstract
The anomalous couplings of the top quark and the Higgs boson have
been studied in an effective theory deduced from the minimal supersym-
metric extension of the standard model (MSSM) as the heavy fields are
integrated out. Constraints on the parameters of the model from the
experimental data of Rb = Γ(Z → bb¯)/Γ(Z → hadrons) are obtained.
PACS numbers: 12.38.Bx, 12.60.Jv, 14.65.Ha, 14.80.Cp
1 Introduction
The standard model (SM) has been very successfull phenomenologically, but nevertheless it should be
considered just as an effective theory valid for physics at the electroweak (EW) scale. In higher-energy
regimes new physics beyond the SM must exist. Irrespective to what this new physics might be, it should
be able to give a satisfactory answer to the most fundamental open question of the electroweak physics, that
is, it must explain the origin of the electroweak gauge symmetry breaking [1, 2]. In the SM this is arranged
through the spontaneous symmetry breaking mechanism by introducing a doublet of scalars with a nonzero
vacuum expectation value (VEV). This mechanism, despite its simplisity and economy, has well known
problems, which has enforced theorists and experimenters to look for new physics beyond the SM. Among
the possible ways of extending the SM, supersymmetry is considered as a particularly attractive one. The
minimal supersymmetry extension of the standard model (MSSM) provides an appealing solution to the
gauge hierarchy problem by guaranteeing the perturbative stability of the theory from the electroweak
scale to the Planck scale.
The MSSM contains two complex Higgs doublets, denoted by Hu , Hd and assigned with opposite
hypercharges Y
B
(Hu) = −YB (Hd) = 1. There are altogether four neutral scalar degrees of freedom, three
of which correspond to physical scalar fields. In the case where CP is conserved one can define two CP -
even neutral Higgs fields, H, h, and one CP -odd neutral Higgs field, A. The present experimental bounds
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on the Higgs boson masses set strong restrictions on the parameter space of the CP -conserving MSSM
[3]. Radiative corrections to the lightest CP -even Higgs boson mass have been computed by using the
renormalization group equation (RGE) method and diagram technique [4], and the resulting upper bound
is 135 GeV, which is not much above the present experimental lower bound of 95GeV (95% CL).
The possibility of CP violation makes the situation drastically different. There are three main sources
of the CP violation in the MSSM Lagrangian. The first one is the well known µ parameter of the super-
potential, which is in general complex. The second source is constituted by the soft mass terms of the
SU(3) × SU(2) × U(1) gauginos. The third source are the phases of the soft supersymmetry-breaking
mass terms of scalar fermions and of the soft trilinear couplings, which are presented by the matrices
m2
Q,U,D,L,R
and AU,D,E , respectively. Actually, only the off-diagonal elements of the soft mass matrices can
be complex due to the hermiticity of these matrices. The matrices AU,D,E in contrast can have complex
phases also in their diagonal elements [5]. Not all the phases of these soft SUSY breaking parameters are
physical and lead to the violation of CP parity. The physical CP phases are restricted by experimental
observations, the most rigorous constraints originating from the measurements of the electron and neutron
electric dipole moments (edm). The present upper limits for these edms are de < 4.3× 10−27e · cm [6] and
dn < 6.5 × 10−26e · cm [7], respectively. Also the edm of H199g is quite accurately measured, the present
upper limit being d
H199g
< 9.× 10−28e · cm [8].
It has been demonstrated that the MSSM can be consistent with these constraints in some regions
of the parameter space when suitable cancellations between different contributions occur [9] or when CP
violation effects are associated with the third generation of squarks only [10]. The mixing of neutral Higgs
bosons in the latter scenario is analyzed in [11, 12, 13, 14]. It is found that the CP -violating phases and
large Yukawa couplings of the third generation fermions can lead to large mixings among the neutral Higgs
bosons as a consequence of radiative effects. These mixings can drastically change the couplings between
the neutral Higgs bosons and quarks and between the neutral Higgs bosons and gauge bosons, as well as
the self-couplings of the Higgs fields. One consequence of this is that the experimental lower bound on the
lightest neutral Higgs mass is relaxed to 60 GeV, while the predicted upper limit for the lightest Higgs
boson mass remains about 135 GeV.
If the new physics scale is much higher than the EW scale, one would have at the EW scale a great
number of higher-dimensional operators Oi (dim(Oi) > 4) induced by the beyond-the-SM physics [15, 16,
17, 18]. The resulting effective Lagrangian is of the general form
L
eff
= L0 + 1
µ2
NP
∑
i
CiOi +O( 1
µ4
NP
) . (1)
Here L0 is the SM Lagrangian, Ci are Wilson coefficients, and µNP the energy scale of new physics.
The Wilson coefficients are in general dependent on the new energy scale, but in addition to this all the
higher-dimensional operators in L
eff
have a common suppression factor 1/µ2NP .
In this paper we shall study anomalous couplings (to use the terminology of [19, 20]), i.e. the couplings
not present in the SM Lagrangian L0, between the lightest neutral Higgs scalar (h) and the top quark
induced by the new physics of MSSM. We assume that the other Higgs bosons, as well as all supersymmetric
particles, are much heavier than the lightest neutral Higgs particle, so that the corresponding fields can be
integrated out. A well known fact is that the masses of the other two neutral Higgs bosons are approximately
equal to that of the charged Higgs boson (H+) under the condition m
H+
≫ m
h
, and hence one can consider
the lighter Higgs doublet as the SM Higgs field and integrate out the heavier Higgs doublet.
Our presentation is organized as follows. In Section II, the notations adopted in this work are intro-
duced. In Section III we shall describe the method of obtaining the Wilson coefficients by integrating out
the heavy degrees of freedom in the full theory. The numerical analysis of the constraints on the parameter
space from the present experiments, especially by the Rb data, is given in Section IV. Section V summarizes
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our results. Some lengthy formulae, such as the expressions for the Wilson coefficients and the loop integral
functions, are collected in Appendices.
2 Preliminaries
The most general gauge invariant superpotential, which retains all the conservation laws of the SM, is
given by
W = µǫijHˆ iuHˆjd + ǫijhJIL Hˆ idLˆIj RˆJ + ǫijhJID Hˆ idQˆIj DˆJ + ǫijhJIU Hˆ iuQˆIj UˆJ . (2)
Here Hˆu , Hˆd are the two Higgs superfield doublets, Qˆ
I and LˆI are the doublets of quark and lepton
superfields, and Uˆ I , DˆI and RˆI are the singlet superfields of u- and d-type quarks and charged leptons,
respectively (I=1, 2, 3 is generation index, i, j = 1, 2 are SU(2) indices). Yukawa coupling constants are
denoted by h
L
, h
U,D
. The breaking of supersymmetry happens through the so-called soft terms, which are
in the most general case given by
Lsoft = −m2HuH
i∗
u
H i
u
−m2
Hd
H i∗
d
H i
d
−m2
LIJ
L˜I∗i L˜
J
i −m2
RIJ
R˜I∗R˜J −m2
QIJ
Q˜I∗i Q˜
J
i −m2
UIJ
U˜ I∗U˜J
−m2
DIJ
D˜I∗D˜J + (m1λBλB +m2λiAλ
i
A +m3λ
a
Gλ
a
G + h.c.) +
[
ǫijm
2
H12
H i
u
Hj
d
+ ǫijA
JI
L
H i
d
L˜Ij R˜
J
+ǫijA
JI
D
H i
d
Q˜IjD˜
J + ǫijA
JI
U
H i
u
Q˜Ij U˜
J + h.c.
]
. (3)
Here λaG (a = 1, 2, · · · 8), λiA (i = 1, 2, 3) and λB denote the SU(3), SU(2) and U(1) gauginos,
respectively, and AIJ
U,D,L
are coupling constants of the unit of mass.
Let us define scalar doublets Φ and ΦH as follows:(
Φ
Φ
H
)
=
(
c
β
−s
β
s
β
c
β
)(
H˜
d
Hu
)
, (4)
where H˜
d
= iσ2H
∗
d
and c
β
= cos β , s
β
= sinβ with tan β = υu/υd , the ratio of the VEVs of Hu , Hd .
With this definition Φ is identified as the SM Higgs doublet, consisting of Goldstone bosons and a physical
neutral Higgs field. More explicitly, one can write the two Higgs doublets as
Φ =
(
G+
1√
2
(
υ +H01 + iG
0
) ) , Φ
H
=
(
H+
1√
2
(
H02 + iA
) ) , (5)
where G0, G+ denote the Goldstone bosons, H01 and H
0
2 are the neutral Higgs fields, H
+ and A are the
physical charged Higgs and CP -odd neutral Higgs bosons, respectively, and υ =
√
υ2
u
+ υ2
d
= 246 GeV.
At the electro-weak scale, the two physical CP -even neutral Higgs fields are obtained through the mixing
between the fields H01 and H
0
2 . The masses of the physical Higgs bosons are given by
m2
even
=

 m
2
Z
(
s2
β
− c2
β
)2
2m2
Z
s
β
c
β
(c2
β
− s2
β
)
2m2
Z
s
β
c
β
(c2
β
− s2
β
)
m2
H12
s
β
c
β
+ 4m2
Z
s2
β
c2
β

 (in the basis (H01, H02)T),
m2
A
=
m2
H12
s
β
c
β
,
m
H+
=
m2
H12
s
β
c
β
+m2
W
. (6)
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In the limit m2
H
≫ m2
W
the two doublets Φ and ΦH decouple, the former remaining light and the latter
being associated with a large mass m2
H
= m2
H12
/s
β
c
β
.
In the following, we will use the four-component spinor representation for fermions. From the two-
component Wyel spinors ψ
QI
, ψ
UI
, ψ
DI
, ψ
Hu
and ψ
Hd
, we form the following four-component Dirac
fermions:
qI
L
=
(
ψQI
0
)
, uI
R
=
(
0
ψ¯
UI
)
,
dI
R
=
(
0
ψ¯
DI
)
, ψH =
(
ψHu
ψ˜
Hd
)
, (7)
with ψ˜
Hd
=
(
iσ2
)
ψ
Hd
. Similarly, for the SU(3) × SU(2) × U(1) gauginos λaG, λiA, λB can we define the
following four-component Majorana spinors:
ψa
G
=
(
iλaG
−iλ¯aG
)
, ψi
A
=
(
iλiA
−iλ¯iA
)
ψ
B
=
(
iλB
−iλ¯B
)
. (8)
Diagonalizing the soft mass terms is done with help of the sfermion mixing matrices ZQ,U,D defined as
Z†
Q
m2
Q
Z
Q
= mˆ2
Q
,
Z†
U
m2
U
Z
U
= mˆ2
U
,
Z†
D
m2
D
Z
D
= mˆ2
D
, (9)
where the matrices mˆ2
Q,U,D
on the right-handed side are diagonal.
Finally, we will benefit in our calculations from the following rearrangement identities of the SU(2)
group indices:
1αα′ ⊗ 1ββ′ = 1
2
{
1αβ ⊗ 1β′α′ +
∑
a
σaαβ ⊗ σaβ′α′
}
,
σaαα′ ⊗ σaββ′ =
1
2
{
31αβ ⊗ 1β′α′ −
∑
a
σaαβ ⊗ σaβ′α′
}
,
∑
a,b
ǫabcǫabd = 2δcd . (10)
3 The Higgs-top anomalous couplings
In this section we shall discuss the anomalous couplings of the top quark and Higgs bosons. Considering
the suppression of the new physics energy scale, we just keep operators up to dimension-six in the effective
Lagrangian Eq. (1). The top-Higgs anomalous couplings of interest can be classified into three types: the
anomalous couplings involving a left-handed quark, the right-handed top quark and Higgs boson (OtqΦ),
the couplings between the Higgs boson and a left-handed quark (OqΦ), and the couplings between the Higgs
boson and the right-handed top quark (OtΦ). After the EW symmetry breaking, these operators produce
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not only corrections to the effective couplings Wtb¯, Xtt¯, Xbb¯ (X = γ, Z, H), but also induce anomalous
couplings such as γHtt¯, ZHtt¯. All those effects may be detectable at the Next Linear Collider (NLC) and
at the Tevatron.
In the following subsections we will give the explicit expressions for the contributions of supersymmetric
particles and the heavy Higgs boson doublet to the effective operators mentioned above by deriving the
relevant Wilson coefficients. We will give our results in terms of the following loop integral functions:
Bi
j,k
(xa , xb) =
(4π)2
i
∫
d4q
(2π)4
(
q2
)i
(q2 − xa)j(q2 − xb)k
,
Ci
jkl
(xa , xb , xc) =
(4π)2
i
∫
d4q
(2π)4
(
q2
)i
(q2 − xa)j(q2 − xb)k(q2 − xc)l
,
Di
jklm
(xa , xb , xc , xd) =
(4π)2
i
∫
d4q
(2π)4
(
q2
)i
(q2 − xa)j(q2 − xb)k(q2 − xc)l(q2 − xd)m
. (11)
The explicit expressions of these are given in Ref. [21].
3.1 The anomalous couplings O
tqΦ
This class of operators includes the CP -even operators
O
tqΦ1
=
(
Φ†Φ
)(
q¯
L
t
R
Φ˜ + Φ˜†t¯
R
q
L
)
,
O
tqΦ2
= q¯
L
(
DµtR
)
DµΦ˜ +
(
DµΦ˜
)†(
Dµt
R
)
q
L
,
OtqΦ3 =
(
DµqL
)(
DµtR
)
Φ˜ + Φ˜†
(
DµtR
)(
DµqL
)
,
OtqΦ4 =
(
DµqL
)
tR
(
DµΦ˜
)
+
(
DµΦ˜
)†
t¯R
(
DµqL
)
,
OtqΦ5 = i
(
DµqL
)
σµνtR
(
DνΦ˜
)
+ i
(
DνΦ˜
)†
t¯Rσ
µν
(
DµqL
)
,
(12)
where the covariant derivative Dµ is given by Dµ = ∂µ − i2g3T
A
G
A
µ − i2g2σaW aµ − i2g1YBBµ. The CP -odd
counterparts of these operators are
O
tqΦ6
=
(
Φ†Φ
)(
q¯
L
t
R
Φ˜− Φ˜†t¯
R
q
L
)
,
O
tqΦ7
= q¯
L
(
DµtR
)
DµΦ˜−
(
DµΦ˜
)†(
Dµt
R
)
q
L
,
OtqΦ8 =
(
DµqL
)(
DµtR
)
Φ˜− Φ˜†
(
DµtR
)(
DµqL
)
,
OtqΦ9 =
(
DµqL
)
tR
(
DµΦ˜
)
−
(
DµΦ˜
)†
t¯R
(
DµqL
)
,
OtqΦ10 = i
(
DµqL
)
σµνtR
(
DνΦ˜
)
− i
(
DνΦ˜
)†
t¯Rσ
µν
(
DµqL
)
. (13)
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For the CP -even operator OtqΦ1 and for the corresponding CP -odd operator OtqΦ6 , nonzero contribu-
tions to the Wilson coefficients originate from the Feynman diagrams shown in Fig. 1, and they are given
by
C
tqΦ1
=
1
2
(
g21 + g
2
2
)
Re(h33
U
)
s
β
c2
β
(c2
β
− s2
β
)
x
H
,
C
tqΦ6
= i
1
2
(
g21 + g
2
2
)
Im(h33
U
)
s
β
c2
β
(c2
β
− s2
β
)
x
H
, (14)
where xH = m
2
H
/µ2
NP
. In the full theory, the Feynman diagrams that induce the anomalous couplings
OtqΦ1 , OtqΦ6 should also include diagrams involving virtual SM fields. However, these diagrams have no
contribution to the Wilson coefficients after matching the effective Lagrangian Eq. (1) with the Lagrangian
of the full theory (MSSM) (see below for more details).
For the CP -even anomalous operators O
tqΦi
(i = 2, 3, 4, 5) and the CP -odd anomalous operators
O
tqΦi
(i = 7, 8, 9, 10), the derivation of the Wilson coefficients leads to relatively tedious calculations.
In Fig. 2 we show the Feynman diagrams, which induce nontrival contributions to the Wilson coefficients
after matching the amplitude of the effective theory with that of the MSSM. In these diagrams, the black
blobs represent the self-energy diagrams of q¯
L
q
L
, t¯
R
t
R
, and Φ†Φ (ΦH) (Fig. 4).
The matching procedure, to which we refer above, is extensively applied in the derivation of the effective
Lagrangian in the hadron physics, especially in the application of the effective Lagrangian to the rare B
decay [22]. The main idea of this procedure is the following. We derive the amplitude corresponding to the
relevant Feynman diagrams both in the full theory and in the effective theory. In both derivations we only
keep the momenta pi of external particles to the second order. Through a comparison of the amplitudes
of the full theory and the effective theory we then obtain the Wilson coefficients of interest.
For a demonstration, let us consider the first diagram of Fig. 2. In the full theory we can write the
amplitude corresponding to this diagram as
AFT
2(1)
(p, q) = − i
(4π)2
s
β
c2
β
(
h†
D
h
D
h†
U
)
33
{[
∆+ 1 + ln
µ2
NP
m2
H
](
q¯
L
Φ˜
)
t
R
− 1
2m2
H
(
1 + ln
m2
q
m2
H
)(
q¯
L
Φ˜
)
q2t
R
+
1
2m2
H
(
q¯
L
Φ˜
)
(p+ q)2t
R
− 1
2m2
H
(
q¯
L
Φ˜
)
q · (p + q)t
R
+
1
4m2
H
(
q¯
L
Φ˜
)
[/p, /q]t
R
}
. (15)
Here ∆ = 1
ǫ
− γ
E
+ ln 4π denotes the ultraviolet divergence (D = 4− 2ǫ is the time-space dimension in the
dimensional regularization scheme), µ
NP
is the scale of new physics, and p and q denote the four-momenta
of the external particles t
R
and Φ, respectively. In the full theory the light fields and the heavy fields
co-exist in the Lagrangian. When the heavy degrees of freedom are integrated out and the light fields are
treated as massless, infrared divergences are encountered. They are regulated by the parameter mq .
The amplitude of the corresponding Feynman diagram in the effective theory, presented in Fig. 3, is
given by
AET
2(1)
(p, q) = − i
2(4π)2m2
H
s
β
c2
β
(
h†
D
h
D
h†
U
)
33
(
∆− 1
2
+ ln
µ2
NP
m2
q
)(
q¯
L
Φ˜
)
q2t
R
. (16)
In the operators of the effective theory, only the light fields exist, and the Wilson coefficients do not
depend on their masses. As in the full theory, an infrared divergence emerges here, and it is also regularized
by the parameter mq . As expected, the infrared divergence appearing in the effective theory is the same
as that appearing in the full-theory. By matching the amplitudes Eq. (16) and Eq. (15), one gets rid of
the infrared divergence. After this matching step, we can present the amplitude in its final form:
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A
2(1)
(p, q) = − i
(4π)2
s
β
c2
β
(
h†
D
h
D
h†
U
)
33
{[
∆+ 1 + ln
µ2
NP
m2
H
](
q¯
L
Φ˜
)
t
R
+
1
2m2
H
(
1 + ln
µ2
NP
m2
H
)(
q¯
L
Φ˜
)
p · qt
R
− 1
2m2
H
(
1 + ln
µ2
NP
m2
H
)(
q¯
L
Φ˜
)
q · (p + q)t
R
+
1
2m2
H
(
q¯
L
Φ˜
)
p · (p + q)t
R
− 1
4m2
H
(
q¯LΦ˜
)
[/q, /p]tR
}
. (17)
The first term in the parenthesis of Eq. (17) contributes to the renormalization of the Yukawa cou-
plings h
U
, and it is irrelevant to our present discussion, taking into account the approximation level we
work on. For those diagrams where the inner lines are supersymmetry particles, the Wilson coefficients
of the anomalous couplings can be directly read from the amplitudes, because we integrate out all the
supersymmetry fields in the effective theory.
Now we will turn to show how to obtain the contributions of the self-energy diagrams to the anoma-
lous couplings. As mentioned above, there are three possible self-energy diagrams that contribute to the
coefficients indirectly, namely the self-energy corrections to the q¯
L
q
L
, t¯
R
t
R
, and Higgs doublet currents.
For a fermion, the renormalized fields are defined by
f0
L,i
= Z
1
2
L,ijfL,j ,
f0
R,i
= Z
1
2
R,ijfR,j , (18)
where i, j are generation indices, f0
L,i
, f0
R,i
are the left- and right-handed bare fields, respectively, f
L,i
, f
R,i
are the corresponding renormalized fields, and Z
L,R
are the wave function renormalization constants. Ig-
noring the fermion masses, we can write down the counter terms for the fermions in Eq. (18) as follows:
ΣL,c
ij
(p) =
(
Z
† 1
2
L,iIZ
1
2
L,Ij − δij
)
/p =
1
2
(
δZ†
L,ij
+ δZL,ij
)
/p ,
ΣR,c
ij
(p) =
(
Z
† 1
2
R,iIZ
1
2
R,Ij − δij
)
/p =
1
2
(
δZ†
R,ij
+ δZ
R,ij
)
/p , (19)
where p denotes the external momentum of the fermion. In the full theory, we express the bare self-energy
of the fermions as
ΣL,0
ij
=
[
δij +A
L
ij
+BL
ij
p2
]
/p ,
ΣR,0
ij
=
[
δij +A
R
ij
+BR
ij
p2
]
/p (20)
where the first term δij represents the Born approximation part and A
L,R, BL,R originate from raditive
corrections. From Eq. (19) and Eq. (20) one finds the following form for the renormalized self-energies:
ΣˆL
ij
=
[
δij +
1
2
(
δZ†
L,ij
+ δZ
L,ij
)
+AL
ij
+BL
ij
p2
]
/p ,
ΣˆR
ij
=
[
δij +
1
2
(
δZ†
R,ij
+ δZ
R,ij
)
+AR
ij
+BR
ij
p2
]
/p . (21)
The explicit expressions of the renormalization constant δZ
L,R
depend upon the renormalization scheme,
i.e., the renormalization conditions. Instead of the often-used renormalization schemes, i.e. the minimal
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subtraction scheme (MS) or the modified minimal subtraction scheme (MS), we adopt here the physical
renormalization conditions
ΣˆL
ij
f
L,j
|
/p=0
= 0 ,
ΣˆR
ij
f
R,j
|
/p=0
= 0 ,
1
/p
ΣˆL
ij
fL,j |/p=0 = fL,i ,
1
/p
ΣˆR
ij
f
R,j
|
/p=0
= f
R,i
.
(22)
The first two conditions mean that the renormalized fields satisfy the equations of motion of free particles
(for massless fermions this is a trivial constraint), and the last two conditions set the residue of the
propagators at the pole equal to unity. In fact, this scheme is just the on-shell renormalization scheme
often used when calculating radiative corrections to electroweak processes [23]. Of course, for high energy
processes we can ignore the fermion mass in our approximation. Using the condition Eq. (22), we achieve
the renormalized fermion self-energies:
ΣˆL
ij
= BL
ij
p2/p ,
ΣˆR
ij
= BR
ij
p2/p . (23)
We can attribute those terms to the contributions of the high dimension operators q¯L
(
i/D
)3
qL , t¯R
(
i/D
)3
tR .
After the matching of the full and effective theories, there is no contribution to the operators of our
interesting given in Eq. (12) and Eq. (13) from the fermion self-energy diagrams.
For the Higgs sector, the bare self-energies are given as
Σ0
ΦΦ
(p2) = D
ΦΦ
+
(
1 + E
ΦΦ
)
p2 + F
ΦΦ
p4 ,
Σ0
ΦΦH
(p2) = D
ΦΦH
+ E
ΦΦH
p2 + F
ΦΦH
p4 , (24)
where p denotes the momentum of the external particle. In Eq. (24), D, E, F are standard integral
functions that appear in radiative corrections. For the renormalization of the Higgs boson wave function
and mass, we request the renormalized boson self-energy to satisfy the conditions
Σˆ
ΦΦ
(p2)|
p2=0
= 0 ,
1
p2
Σˆ
ΦΦ
(p2)|
p2=0
= 0 ,
ΣˆΦΦH (p
2)|
p2=0
= 0 ,
Σˆ
ΦΦH
(p2)|
p2=m2
H
= 0 . (25)
It is easy to find the renormalized Higgs field self-energies which meet the conditions of Eq. (25):
Σˆ
ΦΦ
(p2) = F
ΦΦ
p4 ,
Σˆ
ΦΦH
(p2) = F
ΦΦH
p2(p2 −m2
H
) . (26)
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The function F
ΦΦ
is attributed to the contribution of the high dimensional operator Φ†
(
DµD
µ
)2
Φ. After
the matching procedure, this piece will not contribute to the operators in (12) and (13) which we are
interested in. In fact, after the matching the only nonvanishing contributions from the self-energy diagrams
to these operators originate from the integral function F
ΦΦH
, because we integrate the heavy Higgs doublet
out in the effective theory.
After these preparations, we can now derive the Wilson coefficients of the operators O
tqΦi
(i =
2, 3, 4, 5) and O
tqΦi
(i = 7, 8, 9, 10). For clarity, we present their lengthy expressions in Appendix
A.
3.2 The anomalous couplings O
tΦ
This class of anomalous couplings includes the effective operators
O
tΦ1
= i
(
Φ†DµΦ− (DµΦ)†Φ
)
t¯
R
γµtR ,
O
tΦ2
= i
(
Φ†Φ
)(
t¯
R
γµ(DµtR)− (DµtR)γµtR
)
,
O
tΦ3
= i
(
Φ†DµΦ+ (DµΦ)
†Φ
)
t¯
R
γµtR , (27)
where the operators O
tΦ1
, O
tΦ2
have even CP -parity and O
tΦ3
has odd CP -parity. In Fig. 5, we present
those Feynman diagrams, which induce nontrivial contributions to the Wilson coefficients when matching
the amplitude obtained in the effective theory with that in the full theory (MSSM). The ensuing Wilson
coefficients are collected in Appendix B.
In the full theory, we also include the 1PI diagrams depicted in Fig. 6, where the gray blobs represent
the corresponding diagrams of Fig. 2. However, the contributions from these diagrams disappear as a
result of the matching of the effective theory and full theory amplitudes. In order to demonstrate this,
let us consider an example. From the subsection 3.1 , we find that the contributions of the subdiagram
(framed by the dashed lines) in Fig. 7(a) induce the following term to the effective Lagrangian:
L′
eff
=
1
2µ2
NP
5∑
α=2
(
C ′
tqΦα
+ C ′
tqΦ(5+α)
)(
O
tqΦα
+O
tqΦ(5+α)
)
, (28)
where
C ′
tqΦ2
= − 1
48π2
g21
∑
I
[
Λ
T
U,I
(
C1
121
(xµ , x1 , xUI )− 2sβxµC
1
131
(xµ , x1 , xUI )
)
+2c
β
Λ
R,1
U,I
C0
131
(xµ , x1 , xUI )
]
,
C ′
tqΦ3
=
1
24π2
g21
∑
I
x
UI
[
s
β
Λ
T
U,I
C1
113
(xµ , x1 , xUI )− cβΛ
R,1
U,I
C0
113
(xµ , x1 , xUI )
]
,
C ′
tqΦ4
= − 1
48π2
g21
∑
I
[
Λ
T
U,I
(
Q9(x1 , xµ , xUI )− 2sβQ4(xµ , x1 , xUI )
)
+ 2c
β
Λ
R,1
U,I
Q3(xµ , x1 , xQI )
]
,
C ′
tqΦ5
= − 1
48π2
g21
∑
I
Λ
T
U,I
C1
112
(xµ , x1 , xUI ) ,
C ′
tqΦ7
= − i
48π2
g21
∑
I
[
Λ
C
U,I
(
C1
121
(xµ , x1 , xUI )− 2sβxµC
1
131
(xµ , x1 , xUI )
)
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+2c
β
Λ
A,1
U,I
C0
131
(xµ , x1 , xUI )
]
,
C ′
tqΦ8
=
i
24π2
g21
∑
I
x
UI
[
s
β
Λ
C
U,I
C1
113
(xµ , x1 , xUI )− cβΛ
A,1
U,I
C0
113
(xµ , x1 , xUI )
]
,
C ′
tqΦ9
=
i
48π2
g21
∑
I
[
Λ
C
U,I
(
Q9(x1 , xµ , xUI )− 2sβQ4(xµ , x1 , xUI )
)
+ 2c
β
Λ
A,1
U,I
Q3(xµ , x1 , xQI )
]
,
C ′
tqΦ10
= − i
48π2
g21
∑
I
Λ
C
U,I
C1
112
(xµ , x1 , xUI ) , (29)
and xµ = |µ|2/µ2NP , xUI = m2UI /µ
2
NP
and xi = |mi|2/µ2NP (i = 1, 2, 3). The definition of the coupling
constants ΛU,I and functions Qi(x, y, z) can be found in Appendix D.
In the effective theory, the amplitude of Fig. 7(b) is written as
AET (p1, q1, q2) =
i
2
s
β
h3K
U
(
Φ†Φ
){(
C ′
tqΦ2
+ C ′
tqΦ7
)
t¯
R
1
/p1 + /q1
q1 · p1tR
+
(
C ′
tqΦ3
+ C ′
tqΦ8
)
t¯
R
1
/p1 + /q1
p1 · (q1 + p1)tR
+
(
C ′
tqΦ4
+ C ′
tqΦ9
)
t¯
R
1
/p1 + /q1
q1 · (q1 + p1)tR
−1
2
(
C ′
tqΦ5
+C ′
tqΦ10
)
t¯
R
1
/p1 + /q1
[/q1, /p1]tR
}
(30)
where p1, q1, q2 denote the four-momenta of the initial right-handed top quark and the Higgs bosons,
respectively. In the full theory, the corresponding amplitude obtains the form
AFT (p1, q1, q2) = − i
96π2µ2
NP
s
β
g21
(
h
U
h†
U
Z†
U
)3IZI3
U
(
Φ†Φ
){
4
[
c
β
µ2
NP
√
xµx1e
i(ϕ1+ϕµ)C0
111
(xµ , x1 , xUI )
−s
β
C1
111
(xµ , x1 , xUI )
]
t¯
R
1
/p1 + /q1
t
R
+
[
2C1
121
(xµ , x1 , xUI ) + 2C
1
112
(xµ , x1 , xUI )
+4c
β
√
xµx1e
i(ϕ1+ϕµ)Q3(xµ , x1 , xUI )
−4s
β
Q4(xµ , x1 , xUI )
]
t¯
R
1
/p1 + /q1
q1 · (q1 + p1)tR
−
[
2C1
121
(xµ , x1 , xUI ) + 4cβxµ
√
xµx1e
i(ϕ1+ϕµ)C0
131
(xµ , x1 , xUI )
−4s
β
xµC1131(xµ , x1 , xUI )
]
t¯
R
1
/p1 + /q1
q1 · p1tR
+4x
UI
[
c
β
xµ
√
xµx1e
i(ϕ1+ϕµ)C0
113
(xµ , x1 , xUI )
−s
β
C1
113
(xµ , x1 , xUI )
]
t¯
R
1
/p1 + /q1
p1 · (q1 + p1)tR
−C1
112
(xµ , x1 , xUI )t¯R
1
/p1 + /q1
[/q1, /p1]tR
}
, (31)
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where ϕµ and ϕi (i=1,2,3) denote the CP -phases of the parameter µ and mi, respectively. As already
mentioned before, the first term of Eq. (31) is related to the Yukawa coupling renormalization in the full
theory and it does not affect our computation. While matching Eq. (31) with Eq. (30), we find that the
diagram does not contribute to the Wilson coefficients of the operators O
tΦ
. A similar conclusion is true
also for the other 1PI diagrams in Fig. 6.
3.3 The anomalous couplings O
qΦ
This class of anomalous couplings includes the effective operators
OqΦ1 = i
(
Φ†DµΦ− (DµΦ)†Φ
)
q¯Lγ
µqL ,
O
qΦ2
= i
(
Φ†σaDµΦ− (DµΦ)†σaΦ
)
q¯
L
σaγµq
L
,
O
qΦ3
= i
(
Φ†Φ
)(
q¯
L
γµ(DµqL)− (DµqL)γµqL
)
,
O
qΦ4
= i
(
Φ†σaΦ
)(
q¯
L
σaγµ(DµqL)− (DµqL)σaγµqL
)
,
O
qΦ5
= i
(
Φ†DµΦ+ (DµΦ)
†Φ
)
q¯
L
γµq
L
,
O
qΦ6
= i
(
Φ†σaDµΦ+ (DµΦ)
†σaΦ
)
q¯
L
σaγµq
L
,
(32)
where the last two operators are CP -odd and the others are CP -even. The Feynman diagrams, which
induce nontrivial contributions to the Wilson coefficients, are presented in Fig. 8. We collect the expressions
for the Wilson coefficients of the corresponding operators in Appendix C.
4 Experimental bounds on the Wilson coefficients
At present, the most rigorous constraint on the Wilson coefficients considered in this work comes from
the decay Z → bb¯. For an on-shell Z, one can write the general effective vertex Zbb¯ as [19]
ΓZbbµ = −i
e
4s
W
c
W
[
V Zb γµ −AZb γµγ5 +
1
2m
b
SZb (pb − pb¯)
]
, (33)
where s
W
≡ sin θ
W
, c
W
≡ cos θ
W
, and p
b
, p
b¯
are the momenta of the outgoing quark and antiquark,
respectively. For the operators listed in Eqs. (12), (13), (27) and (32), SZb = 0. The vector and axial-
vector couplings can be written as
V Zb = V
Z,0
b + δV
Z
b ,
AZb = A
Z,0
b + δA
Z
b , (34)
where V Z,0b , A
Z,0
b represent the SM couplings and δV
Z
b , δA
Z
b are the new physics contributions. Ignoring
the bottom quark mass, the lowest order theoretical prediction on the observable Rb at the Z pole is given
as
Rb =
Γ(Z → bb¯)
Γ(Z → hadrons) = R
SM
b
{
1 + 2
V Z,0b δV
Z
b +A
Z,0
b δA
Z
b(
V Z,0b
)2
+
(
AZ,0b
)2 (1−RSMb )
}
. (35)
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With the Born approximation, we can obtain modifications to the couplings V Zb , A
Z
b induced by the
new physics operators O
qΦ1
and O
qΦ2
. Provided that there is no accidental cancellation between these
contributions, the corrections are given by [20]
δV Zb = δA
Z
b =
2s
W
m
W
υ
eµ2
NP
[
C
qΦ1
+ C
qΦ2
]
, (36)
where υ denotes the VEV of the SM Higgs field doublet and mW is the W -boson mass. From Eq. (35),
we have
δV Zb = δA
Z
b =
Rexpb −RSMb
(1−RSMb )RSMb
(
V Z,0b
)2
+
(
AZ,0b
)2
2(V Z,0b +A
Z,0
b )
. (37)
The SM prediction on Rb and the most recent experimental value are, respectively, given by [24]:
RSMb = 0.21572 ± 0.00015, Rexpb = 0.21664 ± 0.00065 . (38)
If we attribute the difference of these two values to the new physics effects, we get a bound for the new
physics corrections on the R
b
. At the 1σ tolerance we obtain:
0.00012 ≤ ∆R
b
≤ 0.00172 . (39)
Correspondingly, the bound for the Wilson coefficients is
3.1 × 10−4 ≤ υ
2
µ2
NP
C
qΦ(1+2)
≤ 4.5× 10−3 (40)
with C
qΦ(1+2)
= C
qΦ1
+C
qΦ2
. Using the same method, we can also analyze the forward-backward asymmetry,
AbFB, of the decay Z → bb¯. However, our theoretical result indicates that the present experiment data on
this quantity set a weaker bound on the Wilson coefficients than Rb.
The other Wilson coefficients of the operators appearing in the Lagrangian are not constrained by Rb on
the Born approximation level. With higher-order approximations, those operators contribute to the gauge
boson self-energies, and thus we can get for them only a rather loose bound with a significant uncertainty.
We can also have loose bounds from the argument of partial wave unitarity [25]:
|C
tqΦ1
| ≤ 16π
3
√
2
(µ
NP
υ
)
, |C
tΦ1
| ≤ 8π
√
3 ,
−6.4 ≤ C
tqΦ2
≤ 10.4 . (41)
At present, there are no strong experimental constraints on the CP -odd couplings involving the top quark.
It is well known that the MSSM contains in its general form unfortunately many ’new’ free parameters
in addition to the SM parameters. In order to simplify our discussion, we take the following assumption
to restrict the MSSM parameter space:
• All possible CP phases are taken to be zero or π. A direct consequence of this choice is that there
are no CP -odd operators in the effective Lagrangian Eq. (1)
• All Yukawa couplings and the soft breaking parameters are flavor conserving, i.e., the mixing matrices
Z
Q
= Z
U
= Z
D
= 1.
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Under these assumptions, the parameters relevant to our discussion are the gauge coupling constants
g1, g2, g3, the higgsino and gaugino masses µ, m1, m2, m3, the Yukawa couplings of the third gen-
eration quarks and the corresponding soft breaking parameters ht = h
33
U
, hb = h
33
D
, At = A
33
U
, Ab =
A33
D
, and the square masses of the heavy Higgs boson doublet and the third generation squarks
m2
H
, m2
QI
, m2
UI
, m2
DI
(I = 3). In our numerical analysis, we will disregard the loose bounds from partial
wave unitarity on the Wilson coefficients C
tqΦ1
, C
tΦ1
, C
tqΦ2
due to the large uncertainties mentioned above.
Without losing generality, we assume m
Q
= m
U
= m
D
, At = Ab, m1 = m2 = m3 in our numerical
computations. Setting µ
NP
= 1000 GeV, m
H
= 500 GeV, m1 = m2 = m3 = 500 GeV, At = Ab =
100 GeV, we obtain constraints set by Eq. (40) on the soft breaking parameters. In Fig. 9, we plot the
values of m
Q
= m
U
= m
D
versus the parameter µ with (a) tan β = 2, and (b) tan β = 40, where the
gray regions are allowed by the condition for υ2C
qΦ(1+2)
/µ2
NP
set by Eq. (40). From this plot we observe
that the restriction set on the parameter space with tan β = 40 is more rigorous than that with tan β = 2.
As tan β = 2, the contribution from the supersymmetric box diagrams varies from negative to positive
gradually, then tends to zero after its maximum as m
Q
= m
U
= m
D
increase from 200 GeV. When
m
Q
= m
U
= m
D
≥ 1.3 TeV, the contribution is definitely less than 10−4. Beside those box diagrams, C
qΦ1
also receives a contribution from the heavy Higgs doublet. Under our choice about the parameter space, the
Higgs contribution to the Wilson coefficient υ2C
qΦ1
/µ2
NP
is proportional to
[
1/ tan2 β −
(
m
b
/mt
)4
tan2 β
]
.
Taking the bottom quark mass m
b
= 4.5 GeV and top mass mt = 174 GeV, this contribution is about
5 × 10−4 for tan β = 2. As tan β increasing, the contribution of the heavy Higgs doublet is strongly
suppressed and less than 10−7 for tan β = 40. The fact can help us understanding why very massive
supersymmetry particles are allowed by the experimental bound for tan β = 2 (Fig. 9(a)), whereas the
most part of the parameter space is excluded by the bound except a narrow band at the neighborhood of
µ = 0 for tan β = 40 (Fig. 9(b)).
In the figures discussed above, we have considered the 1σ tolerance for the experimental data. Since
the central value of the experimentally measured Rb is only about one standard deviation away from
the SM prediction, this sets a lower bound on the C
qΦ(1+2)
which is positive and very close to zero as
shown in Eq.(40). Certainly, very massive supersymmetry particles are excluded by this condition in the
large tan β case. In fact, considering the practical situation of the experiments, we may relax the lower
bound on the C
qΦ(1+2)
to −5× 10−5, while the upper bound remains unchanged (this is just only slightly
beyond the standard deviation). In Fig. 10 we plot m
Q
= m
U
= m
D
versus µ by using the constraint
−5 × 10−5 ≤ υ2C
qΦ(1+2)
/µ2
NP
≤ 4.5 × 10−3. One can see that the allowed parameter region is drastically
enlarged in comparison with the case of the strict 1σ tolerance for the large tan β.
Now, we discuss the operators O
qΦ1,2
corrections to R
b
in the MSSM. Taking µ = mi = 500 GeV (i =
1, 2, 3), we plot ∆R
b
versus squark masses m
Q
= m
U
= m
D
with tan β = 2, 40 in Fig. 11. The gray
band is the experimentally allowed region at the 1σ tolerance. When the scalar quark mass is less than
700 GeV, the supersymmetric box diagrams determine the leading contribution and results in a negative
∆R
b
, the corresponding parameter space is excluded by Eq. (39). As the parameters m
Q
= m
U
= m
D
increase, the supersymmetric contribution turns to be positive, then tends to zero after the maximum.
With tan β = 2, the correction of the heavy Higgs doublet to the ∆R
b
is about 2.3 × 10−4, and plays
the leading role when mQ = mU = mD ≥ 1.3 TeV. For tan β = 40, the total corrections from the Higgs
and supersymmetric sectors to R
b
do not satisfy Eq. (39), because the contribution of the heavy Higgs
doublet is strongly suppressed. For −µ = mi = 500 GeV (i = 1, 2, 3), the plot is similar to Fig. 11
and not shown in the context. Taking mi = 500 GeV (i = 1, 2, 3), mQ = mU = mD = 500, 1000 GeV,
and tan β = 2, 40, we present ∆R
b
versus the parameter µ in Fig. 12. For m
Q
= m
U
= m
D
= 500 GeV
(dot- and dot-dashed-lines), the corresponding parameter space is excluded by the condition Eq. (39) due
to the negative supersymmetry contribution. With m
Q
= m
U
= m
D
= 1 TeV and tan β = 2 (solid-line),
∆R
b
satisfies the condition Eq. (39) when µ ≥ −700 GeV. As for the case m
Q
= m
U
= m
D
= 1 TeV and
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tan β = 40 (dashed-line), the new physics correction to ∆R
b
is excluded by the 1σ tolerance experimental
bound except the region neighboring µ = 0 GeV. Finally, we investigate the new physics prediction on
∆R
b
with the assumption m
Q
= m
U
= m
D
= |µ|. Choosing mi = 500 GeV (i = 1, 2, 3), tan β = 2, 40,
we plot ∆R
b
versus the parameter m
Q
= m
U
= m
D
= |µ| in Fig. 13. For the case tan β = 40, the
correction to ∆R
b
exceeds the 1σ tolerance experimental bound. As tan β = 2 and µ > 800 GeV, the
new physics prediction on ∆R
b
satisfies this bound because of the relatively large contribution from the
heavy Higgs. In those analyses the experimental bound with 1σ standard deviation are adopted. After we
relax the condition (Eq. 39) slightly, the more massive supersymmetry particles are also permitted by the
corresponding experimental bound.
Since the experimental data constrain the coefficients CqΦ1,2 strongly, the operators OqΦ1,2 have only
negligible effects on the measurements at the proposed future colliders [19]. Other operators will produce
the observable effects in the next generation colliders. In the associated production of the Higgs boson
and top quark pair e+e− → tt¯ h, the CP -even operators will affect the energy and angular distributions of
the final state particles [20]. Through the measurements of various distributions, such as dσ/dEt , dσ/dEh
and dσ/d cos θ
h
(Et , Eh denote the outgoing energy of the top quark and Higgs boson respectively, θh is
the angle of three-momentum of the outgoing Higgs boson with respect to the electron beam direction),
we can obtain useful information about the operators. The constraints on the CP -odd operators can be
obtained through measuring various CP violation observables in this process. In the process e+e− → tt¯,
we can analyze the effects of the operators on various polarized top-quark production cross sections. On
the other hand, more strict constraints on the supersymmetry parameter space will be set by more precise
measurements on the widths of Z → bb¯ and the top quark decays. All of these will provide valuable
information for the search of supersymmetry particles on the future colliders.
It should be stressed that the above numerical analysis is performed under special assumptions about the
MSSM parameter space. For example, we assume that all the parameters are real and flavor-conserving, the
universal soft parameters are: m
Q
= m
U
= m
D
, At = Ab, m1 = m2 = m3. In a practical phenomenology
analysis, those priori conditions should be dismissed. Nevertheless, it is quite obvious that the experimental
data on Rb set significant bounds on the parameter space even in a more general case than that we have
considered here.
5 The Summary
We have considered in this work the anomalous couplings between top quark and Higgs boson induced
by the MSSM when the heavy Higgs doublet and all supersymmetry fields are integrated out. An essential
assumption made here is that there is only one neutral Higgs boson with the electroweak mass, the other
Higgs particles are much heavier. We have derived the Wilson coefficients of the relevant higher dimensional
operators in the ensuing effective theory. We have also studied numerically the constraints set by the
experimental results for Rb = Γ(Z → bb¯)/Γ(Z → hadrons) on the parameters of the MSSM.
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A The Wilson coefficients for the operators O
tqΦi
(i = 2, · · · , 5, 7, · · · , 10)
C
tqΦ2
= − cβ
(4π)2
{ ∑
i=1,2
Fig
2
i ξ
R
Hi
P
H
(xµ , xi)− sβcβ
∑
q=U,D
(
− 1
) 1
2
−T q
Z
Re
[
h33
U
(
ZqAˆqZQ
)
IJ
×
(
ZqAˆ′qZQ
)†
JI
]
P
H
(x
QJ
, xqI ) + sβcβRe
[
h33
U
(
Z
R
Aˆ
E
Z
L
)
IJ
(
Z
R
Aˆ′
E
Z
L
)†
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P
H
(x
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, x
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}
+
1
32π2x
H
s
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c2
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h†
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H
)
+ i
g23
6π2
s
β
Γ
A,3
U,IJ
x
UJ
C0
113
(x3 , xQI , xUJ )
+i
g21
72π2
s
β
Γ
A,1
U,IJ
xUJ C
0
113
(x1 , xQI , xUJ ) +
i
16π2
c
β
Γ
B
U,IJ
xQJ C
0
113
(xµ , xDI , xQJ )
−i 1
192π2
∑
i=1,2
F 2i g
2
i
[
Λ
C
Q,I
(
C1
211
(xµ , xi , xQI ) + 2sβxµC
1
311
(xµ , xi , xQI )
)
+2c
β
xµΛ
A,i
U,I
C0
311
(xµ , xi , xQI )
]
− i
48π2
g21
[
Λ
C
U,I
(
C1
121
(xµ , x1 , xUI )
+2s
β
xµC1131(xµ , x1 , xUI )
)
+ 2c
β
xµΛ
A,1
U,I
C0
131
(xµ , x1 , xUI )
]
,
C
tqΦ8
= − i
32π2x
H
s
β
c2
β
Im
(
h†
D
h
D
h†
U
)
33
+ i
g23
6π2
s
β
Γ
A,3
U,IJ
Q1(x3 , xQI , xUJ )
+i
g21
72π2
s
β
Γ
A,1
U,IJ
Q1(x1 , xQI , xUJ ) +
i
16π2
c
β
Γ
B
U,IJ
Q1(xµ , xDI , xQJ )
− i
96π2
∑
i=1,2
F 2i g
2
i xQI
[
s
β
Λ
C
Q,I
C1
113
(xµ , xi , xQI ) + cβxµΛ
A,i
U,I
C0
113
(xµ , xi , xQI )
]
− i
24π2
g21xUI
[
s
β
Λ
C
U,I
C1
113
(xµ , x1 , xUI ) + cβxµΛ
A,1
U,I
C0
113
(xµ , x1 , xUI )
]
,
C
tqΦ9
= i
c
β
(4π)2
{ ∑
i=1,2
Fig
2
i ξ
A
Hi
P
H
(xµ , xi)− sβcβ
∑
q=U,D
(
− 1
) 1
2
−T qZ
Im
[
h33
U
(
ZqAˆqZQ
)
IJ
×
(
ZqAˆ′qZQ
)†
JI
]
P
H
(x
QJ
, xqI ) + sβcβIm
[
h33
U
(
Z
R
Aˆ
E
Z
L
)
IJ
(
Z
R
Aˆ′
E
Z
L
)†
JI
]
P
H
(x
LJ
, x
RI
)
}
+
i
32π2xH
s
β
c2
β
Im
(
h†
D
h
D
h†
U
)
33
(
1− lnx
H
)
+ i
g23
6π2
s
β
Γ
A,3
U,IJ
x
QI
C0
131
(x3 , xQI , xUJ )
+i
g21
72π2
s
β
Γ
A,1
U,IJ
x
QI
C0
131
(x1 , xQI , xUJ ) +
i
16π2
c
β
Γ
B
U,IJ
x
DI
C0
131
(xµ , xDI , xQJ )
− i
192π2
∑
i=1,2
F 2i g
2
i
[
Λ
C
Q,I
(
Q9(xµ , xi , xQI ) + 2sβQ2(xi , xµ , xQI )
)
+ 2c
β
Λ
A,i
U,I
Q1(xi , xµ , xQI )
]
− i
48π2
g21
[
Λ
C
U,I
(
Q9(x1 , xµ , xUI ) + 2sβQ4(xµ , x1 , xUI )
)
+ 2c
β
Λ
A,1
U,I
Q3(xµ , x1 , xQI )
]
,
16
CtqΦ10 = −
i
32π2x
H
s
β
c2
β
Im
(
h†
D
hDh
†
U
)
33
− i
192π2
∑
i=1,2
F 2i g
2
i Λ
C
Q,I
C1
112
(xµ , xi , xQI )
− i
48π2
g21Λ
C
U,I
C1
112
(xµ , x1 , xUI ) (42)
with F1 = 1, F2 = 3, T
U
Z = −TDZ = 12 , Y BU = 43 , Y BD = −23 and AˆU = 1µNP
(
AU − µ
∗
tanβhU
)
, AˆD =
1
µ
NP
(
A
D
− µ∗ tan βh
D
)
, Aˆ
E
= 1
µ
NP
(
A
E
− µ∗ tan βh
E
)
and Aˆ′
F
= Aˆ
F
+ µ
∗
s
β
c
β
µ
NP
h
F
(F = U, D, E). In
the above expression, the sum with the generation indices I, J is implied.
B The Wilson coefficients for operators O
tΦi
(i = 1, 2, 3)
The corresponding Wilson coefficients are
C
tΦ1
= − 1
32π2xH
c2
β
[
h
U
(
s2
β
h†
U
h
U
− c2
β
h†
D
h
D
)
h†
U
]
33
(
1− lnx
H
)
+
XR
U,IJK
72π2
[
g21D11121(x1 , xUI , xQJ , xUK ) + 3g
2
3D11121(x3 , xUI , xQJ , xUK )
]
+
1
64π2
∑
q=U,D
X S
q,IJK
D1
1121
(xµ , xQI , xqJ , xQK ) +
1
144π2
g41Z†3IU ZI3U
[
c2
β
Q5(xµ , x1 , xUI )
+2ξS
H1
Q6(xµ , x1 , xUI ) + s
2
β
x1Q7(xµ , x1 , xUI )
]
−
∑
i=1,2
Fig
2
i
128π2
(
h
U
Z
Q
)
3I
(
Z†
Q
h†
U
)
I3
[
2ξS
Hi
Q6(xi , xµ , xQI )
+s2
β
Q5(xi , xµ , xQI ) + c
2
β
xµQ7(xi , xµ , xQI )
]
+
1
48π2
g21sβ
[
2Γ
U
U,IJ
D0
1111
(xµ , x1 , xQI , xUJ )− Γ
T
U,IJ
U5(xµ , xQI , x1 , xUJ )
]
,
C
tΦ2
=
(
h
U
h†
U
)
33
256π2x
H
c2
β
[
4s2
β
(s2
β
− c2
β
)(2g21 + 3g
2
2) ln xH − 12s4βg22 + (c4β − 7s4β )g21
]
+
g21
108π2
(s2
β
− c2
β
)Z†3I
U
ZI3
U
[
g21B13,1(xUI , x1) + 3g
2
3B13,1(xUI , x3)
]
+
c2
β
72π2
Re
[
Z†3I
U
(
ZUhUh†UZ†U
)IJZJ3
U
][
g21Q9(xUI , x1 , xUJ ) + 3g
2
3Q9(xUI , x3 , xUJ )
]
− 1
192π2
g21(s
2
β
− c2
β
)
(
h
U
Z
Q
)
3I
(
Z†
Q
h†
U
)
I3
B1
3,1
(x
QI
, xµ)
+
1
16π2
Re
[(
h
U
Z
Q
)3I(Z†
Q
(c2
β
h†
U
h
U
+ s2
β
h†
D
h
D
)Z
Q
)IJ(Z†
Q
h†
U
)J3]
Q9(xQI , xµ , xQJ )
−
c2
β
64π2x
H
[
h
U
(
s2
β
h†
U
h
U
+ c2
β
h†
D
h
D
)
h†
U
]
33
+
1
64π2
∑
q=U,D
X S
q,IJK
U1(xµ , xQI , xqJ , xQK )
+
1
72π2
XR
U,IJK
[
g21U1(xi , xUI , xQJ , xUK ) + 3g
2
3U1(x3 , xUI , xQJ , xUK )
]
17
+
1
144π2
g41Z†3IU ZI3U
[
c2
β
C2
122
(xµ , x1 , xUI ) + s
2
β
C1
122
(xµ , x1 , xUI ) + 2ξ
S
H1
C1
122
(xµ , x1 , xUI )
]
+
∑
i=1,2
Fig
2
i
128π2
(
hUZQ
)
3I
(
Z†
Q
h†
U
)
I3
[
c2
β
xµC1212(xµ , xi , xQI ) + s
2
β
C2
212
(xµ , xi , xQI )
+2ξS
Hi
C1
212
(xµ , xi , xQI )
]
− 1
48π2
g21sβΓ
T
U,IJ
U5(xµ , x1 , xQI , xUJ ) ,
C
tΦ3
= i
c2
β
72π2
Im
[
Z†3I
U
(
Z
U
h
U
h†
U
Z†
U
)IJZJ3
U
][
g21C1211(xUI , x1 , xUJ ) + 3g
2
3C1211(xUI , x3 , xUJ )
]
+
i
16π2
Im
[(
h
U
Z
Q
)3I(Z†
Q
(c2
β
h†
U
h
U
+ s2
β
h†
D
h
D
)Z
Q
)IJ(Z†
Q
h†
U
)J3]C1
211
(x
QI
, xµ , xQJ )
+i
1
36π2
XA
U,IJK
[
g21D11211(x1 , xUI , xQJ , xUK ) + 3g
2
3D11211(x3 , xUI , xQJ , xUK )
]
+i
1
32π2
∑
q=U,D
XB
q,IJK
D1
1211
(xµ , xQI , xqJ , xQK ) +
i
36π2
g41ξ
B
H1
Z†3I
U
ZI3
U
C0
121
(xµ , x1 , xUI )
+i
∑
i=1,2
Fig
2
i
32π2
ξB
Hi
(
hUZQ
)
3I
(
Z†
Q
h†
U
)
I3
C0
211
(xµ , xi , xQI )
+
i
48π2
g21sβ
[
2Γ
D
U,IJ
D0
1111
(xµ , x1 , xQI , xUJ )− Γ
C
U,IJ
U5(xµ , xUJ , xQI , x1)
]
.
(43)
Just as in the appendix A, the sum with the generation indices I, J, K is implied.
C The Wilson coefficients for operators O
qΦi
(i = 1, · · · 6)
The Wilson coefficients for those operators are written as
C
qΦ1
=
1
32π2x
H
s2
β
c2
β
[(
h†
U
h
U
h†
U
h
U
)
33
−
(
h†
D
h
D
h†
D
h
D
)
33
](
1− lnx
H
)
+
∑
q=U,D
(−1) 12−T qZX T
q,IJK
[ ∑
i=1,2
F 2i g
2
i
2304π2
D1
1121
(xi , xQI , xqJ , xQK )
+
g23
48π2
D1
1121
(x3 , xQI , xqJ , xQK )
]
− 1
64π2
∑
q=U,D
(−1) 12−T qZX U
q,IJK
D1
1121
(xµ , xqI , xQJ , xqK )
+
g41
2304π2
(c2
β
− s2
β
)Z3I
Q
Z†I3
Q
Q8(xµ , x1 , xQI )
+
∑
i=1,2
Fig
2
i
256π2
(
h†
U
Z†
U
)
3I
(
Z
U
h
U
)
I3
[
s2
β
Q10(xµ , xi , xUI )− 4ξ
S
Hi
C0
211
(xµ , xi , xUI )
+ηR
Hi
Q7(xi , xµ , xUI )
]
−
∑
i=1,2
Fig
2
i
256π2
(
h†
D
Z†
D
)
3I
(
ZDhD
)
I3
[
c2
β
Q10(xµ , xi , xDI )
−4ξS
Hi
C0
211
(xµ , xi , xDI ) + η
S
Hi
Q7(xi , xµ , xDI )
]
18
+
g21
256π2
∑
q=U,D
Y B
q
[
2Γ
W
q,IJ
D0
1111
(xµ , x1 , xqI , xQJ )− Γ
V,1
q,IJ
U5(xµ , xqI , x1 , xQJ )
]
− 3g
2
2
128π2
∑
q=U,D
[
2Γ
W
q,IJ
D0
1111
(xµ , x2 , xqI , xQJ )− Γ
V,2
q,IJ
U5(xµ , x
2
qI
, x2 , xQJ )
]
,
C
qΦ2
=
∑
q=U,D
X T
q,IJK
[ ∑
i=1,2
(−1)i F
2
i g
2
i
2304π2
D1
1121
(xi , xQI , xqJ , xQK )
− g
2
3
48π2
D1
1121
(x3 , xQI , xqJ , xQK )
]
+
g42
128π2
(s2
β
− c2
β
)Z3I
Q
Z†I3
Q
Q8(xµ , x2 , xQI )
− g
2
1g
2
2
384π2
(s2
β
− c2
β
)Z3I
Q
Z†I3
Q
[
U2(xµ , x1 , x2 , xQI ) +
√
x1x2 cos(ϕ2 − ϕ1)U3(xµ , x1 , x2 , xQI )
]
+
∑
i=1,2
(−1)i g
2
i
256π2
(
h†
U
Z†
U
)
3I
(
ZUhU
)
I3
[
s2
β
Q10(xµ , xi , xUI )− 4ξ
S
Hi
C0
211
(xµ , xi , xUI )
+ηR
Hi
Q7(xi , xµ , xUI )
]
+
∑
i=1,2
(−1)i g
2
i
256π2
(
h†
D
Z†
D
)
3I
(
Z
D
h
D
)
I3
[
c2
β
Q10(xµ , xi , xDI )
−4ξS
Hi
C0
211
(xµ , xi , xDI ) + η
S
Hi
Q7(xi , xµ , xDI )
]
− g
2
1
256π2
∑
q=U,D
(−1) 12−T qZY B
q
[
2Γ
W
q,IJ
D0
1111
(xµ , x1 , xqI , xQJ )− Γ
V,1
q,IJ
U5(xµ , xqI , x1 , xQJ )
]
− g
2
2
128π2
∑
q=U,D
(−1) 12−T qZ
[
2Γ
W
q,IJ
D0
1111
(xµ , x2 , xqI , xQJ )− Γ
V,2
q,IJ
U5(xµ , xqI , x2 , xQJ )
]
,
C
qΦ3
= 3
g21 + g
2
2
128π2
s2
β
c2
β
(s2
β
− c2
β
)
[(
h†
U
h
U
)
33
−
(
h†
D
h
D
)
33
]1 + lnx
H
x
H
+
1
256π2x
H
(
g21 − 6s2βc2β (g21 + g22)
)[
c2
β
(
h†
U
h
U
)
33
+ s2
β
(
h†
D
h
D
)
33
]
+
g21(s
2
β
− c2
β
)
6912π2
Z3I
Q
Z†I3
Q
[ ∑
i=1,2
F 3i g
2
i B13,1(xQI , x1) + 48g
2
3B13,1(xQI , x3)
]
+
1
2304π2
ΛS
IJ
[ ∑
i=1,2
F 2i g
2
iQ9(xQI , xi , xQJ ) + 48g
2
3Q9(xQI , x3 , xQJ )
]
+
1
128π2
∑
q=U,D
[
Y B
q
g21(s
2
β
− c2
β
)
(
h†
q
Z†
q
)
3I
(
Zqhq
)
I3
B1
3,1
(xqI , xµ) + 2Λ
U
q,IJ
Q9(xqI , xµ , xqJ )
]
− 1
64π2x
H
s2
β
c2
β
[(
h†
U
h
U
h†
U
h
U
)
33
+
(
h†
U
h
U
h†
U
h
U
)
33
]
+
∑
q=U,D
X T
q,IJK
[ ∑
i=1,2
F 3i g
2
i
2304π2
U1(xi , xQI , xqJ , xQK ) +
g23
48π2
U1(x3 , xQI , xUJ , xQK )
]
19
+
g41
2304π2
Z3I
Q
Z†I3
Q
[
C2
122
(xµ , x1 , xQI ) + η
T
H1
C1
122
(xµ , x1 , xQI )
]
+
∑
i=1,2
Fig
2
i
256π2
(
h†
U
Z†
U
)
3I
(
Z
U
h
U
)
I3
[
ηR
Hi
C1
212
(xµ , xi , xUI ) + s
2
β
C2
212
(xµ , xi , xUI )
]
+
∑
i=1,2
Fig
2
i
256π2
(
h†
D
Z†
D
)
3I
(
ZDhD
)
I3
[
ηS
Hi
C1
212
(xµ , xi , xDI ) + c
2
β
C2
212
(xµ , xi , xDI )
]
+
1
64π2
∑
q=U,D
X U
q,IJK
U1(xµ , xqI , xQJ , xqK ) +
g21
256π2
∑
q=U,D
(−1) 12−T qZY B
q
Γ
V,1
q,IJ
U5(xµ , x1 , xqI , xQJ )
− 3g
2
2
128π2
∑
q=U,D
(−1) 12−T qZΓV,2
q,IJ
U5(xµ , x2 , xqI , xQJ ) ,
C
qΦ4
= −g
2
1 + g
2
2
128π2
s2
β
c2
β
(s2
β
− c2
β
)
[(
h†
U
h
U
)
33
+
(
h†
D
h
D
)
33
]1 + lnx
H
x
H
− 1
256π2x
H
(
g22 − 2s2βc2β (g21 + g22)
)[
c2
β
(
h†
U
h
U
)
33
− s2
β
(
h†
D
h
D
)
33
]
− g
2
2
2304π2
(s2
β
− c2
β
)Z3I
Q
Z†I3
Q
[ ∑
i=1,2
(−1)iF 2i g2i B13,1(xQI , xi)− 48g
2
3B13,1(xQI , x3)
]
+
1
2304π2
ΛS
IJ
[ ∑
i=1,2
(−1)i−1F 2i g2iQ9(xQI , xi , xQJ ) + 48g
2
3Q9(xQI , x3 , xQJ )
]
+
1
2304π2
∑
q=U,D
(−1) 12−T qZX T
q,IJK
[ ∑
i=1,2
(−1)iF 2i g2i U1(xi , xQI , xqJ , xQK )
−48g23U1(x3 , xQI , xqJ , xQK )
]
− g
2
2
384π2
Z3I
Q
Z†I3
Q
{
3g22
[
C2
122
(xµ , x2 , xQI ) + η
T
H2
C1
122
(xµ , x2 , xQI )
]
−g21
[
D2
1112
(xµ , x1 , x2 , xQI ) +
(√
x1x2 cos(ϕ2 − ϕ1) + 2[ξSH1 + ξSH2 ]
)
D1
1112
(xµ , x1 , x2 , xQI )
]}
+
∑
i=1,2
(−1)i g
2
i
256π2
(
h†
U
Z†
U
)
3I
(
ZUhU
)
I3
[
ηR
Hi
C1
212
(xµ , xi , xUI ) + s
2
β
C2
212
(xµ , xi , xUI )
]
−
∑
i=1,2
(−1)i g
2
1
256π2
(
h†
D
Z†
D
)
3I
(
Z
D
h
D
)
I3
[
ηS
Hi
C1
212
(xµ , xi , xDI )
+c2
β
C2
212
(xµ , xi , xDI )
]
− g
2
1
256π2
∑
q=U,D
Y B
q
Γ
V,1
q,IJ
U5(xµ , x1 , xqI , xQJ )
− g
2
2
128π2
∑
q=U,D
Γ
V,2
q,IJ
U5(xµ , x2 , xqI , xQJ ) ,
C
qΦ5
=
1
2304π2
[
ΛB
IJ
( ∑
i=1,2
g2i F
3
i C1112(xQI , xi , xQJ ) + 48g
2
3C1112(xQI , x3 , xQJ )
)
+ 36
∑
q=U,D
ΛD
q,IJ
C1
112
(xqI , xµ , xqJ )
]
20
+
i
1152π2
∑
q=U,D
∑
i=1,2
XC
q,IJK
[
F 3i g
2
iD11211(xi , xQI , xqJ , xQK )
+48g23D11211(x3 , xQI , xqJ , xQK )
]
+
i
32π2
∑
q=U,D
XD
q,IJK
D1
1211
(xµ , xqI , xQJ , xqK )
−i g
4
1
288π2
ξB
H1
Z3I
Q
Z†I3
Q
C0
121
(xµ , x1 , xQI )
− i
64π2
∑
q=U,D
∑
i=1,2
Fig
2
i ξ
B
Hi
(
h†
q
Z†
q
)
3I
(
Zqhq
)
I3
C0
211
(xµ , xi , xqI )
+i
g21
256π2
∑
q=U,D
(−1) 12−T qZY B
q
[
Γ
E,1
q,IJ
U5(xµ , xQJ , xqI , x1)− 2Γ
F
q,IJ
D0
1111
(xµ , x1 , xqI , xQJ )
]
−i 3g
2
2
128π2
∑
q=U,D
(−1) 12−T qZ
[
Γ
E,2
q,IJ
U5(xµ , xQJ , xqI , x2)− 2Γ
F
q,IJ
D0
1111
(xµ , x2 , xqI , xQJ )
]
,
C
qΦ6
=
ΛB
IJ
2304π2
( ∑
i=1,2
(−1)i−1g2i F 3i C1112(xQI , xi , xQJ ) + 48g
2
3C1112(xQI , x3 , xQJ )
)
+
i
1152π2
∑
q=U,D
(−1) 12−T qZ
[ ∑
i=1,2
(−1)iF 2i g2iX
C
q,IJK
D1
1211
(x1 , xQI , xqJ , xQK )
−48g23X
C
q,IJK
D1
1211
(x3 , xQI , xqJ , xQK )
]
+ i
g42
16π2
ξB
H2
Z3I
Q
Z†I3
Q
C0
121
(xµ , x2 , xQI )
−i g
2
1g
2
2
384π2
Z3I
Q
Z†I3
Q
[
4
(
ξB
H1
+ ξB
H2
)
D0
1111
(xµ , x1 , x2 , xQI )
−
(
(c2
β
− s2
β
)
√
x1x2 sin(ϕ2 − ϕ1)− 2[ξBH1 − ξBH2 ]
)
U4(xµ , x1 , x2 , xQI )
]
− 1
64π2
∑
q=U,D
(−1) 12−T qZ
∑
i=1,2
(−1)ig2i ξBHi
(
h†
U
Z†
U
)
3I
(
Z
U
h
U
)
I3
C0
211
(xµ , xi , xUI )
−i g
2
1
256π2
∑
q=U,D
Y B
q
[
Γ
E,1
q,IJ
U5(xµ , xQJ , xqI , x1)− 2Γ
F
q,IJ
D0
1111
(xµ , x1 , xqI , xQJ )
]
−i g
2
2
128π2
∑
q=U,D
[
Γ
E,2
q,IJ
U5(xµ , xQJ , xqI , x2)− 2Γ
F
q,IJ
D0
1111
(xµ , x2 , xqI , xQJ )
]
.
(44)
D The coupling constants and loop functions
The loop functions are defined as
P
H
(x, y) = −B0
1,3
(x, y) + 3B1
1,4
(x, y)− 2
3
B2
1,5
(x, y) ,
Q1(x, y, z) = C1122(x, y, z) + yC0131(x, y, z) + zC0113(x, y, z) ,
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Q2(x, y, z) = C2122(x, y, z) + yC1131(x, y, z) + zC1113(x, y, z) ,
Q3(x, y, z) = C1122(x, y, z) + xC0131(x, y, z) + zC0113(x, y, z) ,
Q4(x, y, z) = C2122(x, y, z) + xC1131(x, y, z) + zC1113(x, y, z) ,
Q5(x, y, z) = C2122(x, y, z) + 2C2131(x, y, z) − 4C1121(x, y, z) ,
Q6(x, y, z) = C1122(x, y, z) + 2C1131(x, y, z) + 2C0121(x, y, z) ,
Q7(x, y, z) = C1122(x, y, z) + 2C1131(x, y, z) ,
Q8(x, y, z) = 4C1121(x, y, z) − 2C2131(x, y, z) − C2122(x, y, z) + y
(
2C1
131
(x, y, z) + C1
122
(x, y, z)
)
Q9(x, y, z) = C1211(x, y, z) + C1112(x, y, z)
Q10(x, y, z) = C2212(x, y, z) + 2C2311(x, y, z) − 4C1211(x, y, z)
U1(x, y, z, w) = 2D11211(x, y, z, w) +D11121(x, y, z, w) ,
U2(x, y, z, w) = 4D11111(x, y, z, w) −D21211(x, y, z, w) −D21121(x, y, z, w) −D21112(x, y, z, w)
U3(x, y, z, w) = D11211(x, y, z, w) +D11121(x, y, z, w) +D11112(x, y, z, w)
U4(x, y, z, w) = D11211(x, y, z, w) −D11121(x, y, z, w)
U5(x, y, z, w) = D11121(x, y, z, w) +D11112(x, y, z, w) (45)
The coupling constants are
ξR
Hi
=
√
xµxi
(
(c2
β
− s2
β
)Re(h
U
)33 cos(ϕµ + ϕi)− Im(hU )33 sin(ϕµ + ϕi)
)
, (i = 1, 2) ,
ξA
Hi
=
√
xµxi
(
Im(h
U
)33(c
2
β
− s2
β
) cos(ϕµ + ϕi) +Re(hU )33 sin(ϕµ + ϕi)
)
, (i = 1, 2) ,
ξS
Hi
= s
β
c
β
√
xµxi cos(ϕµ + ϕi) , (i = 1, 2) ,
ξB
Hi
= s
β
c
β
√
xµxi sin(ϕµ + ϕi) , (i = 1, 2) ,
ηR
Hi
= c2
β
xµ + 2sβcβ
√
xµxi cos(ϕµ + ϕi) , (i = 1, 2) ,
ηS
Hi
= s2
β
xµ + 2sβcβ
√
xµxi cos(ϕµ + ϕi) , (i = 1, 2) ,
ηT
Hi
= xi + 4sβcβ
√
xµxi cos(ϕµ + ϕi) , (i = 1, 2) ,
Λ
R,i
U,I
=
√
xµxi
(
Re
[
Z3I
Q
(
Z†
Q
h†
U
)I3]
cos(ϕµ + ϕi)− Im
[
Z3I
Q
(
Z†
Q
h†
U
)I3]
sin(ϕµ + ϕi)
)
, (i = 1, or 2)
Λ
A,i
U,I
=
√
xµxi
(
Re
[
Z3I
Q
(
Z†
Q
h†
U
)I3]
sin(ϕµ + ϕi) + Im
[
Z3I
Q
(
Z†
Q
h†
U
)I3]
cos(ϕµ + ϕi)
)
, (i = 1, or 2)
ΛS
IJ
= Re
[
Z3I
Q
(
Z†
Q
(c2
β
(
h†
U
h
U
)
33
+ s2
β
(
h†
D
h
D
)Z
Q
)IJZ†J3
Q
]
,
ΛB
IJ
= Im
[
Z3I
Q
(
Z†
Q
(c2
β
(
h†
U
h
U
)
33
+ s2
β
(
h†
D
h
D
)Z
Q
)IJZ†J3
Q
]
,
Λ
T
U,I
= Re
(
(h†
U
Z†
U
)3IZI3
U
)
, Λ
C
U,I
= Im
(
(h†
U
Z†
U
)3IZI3
U
)
,
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Λ
T
Q,I
= Re
(
Z3I
Q
(Z†
Q
h†
U
)I3
)
, Λ
C
Q,I
= Im
(
Z3I
Q
(Z†
Q
h†
U
)I3
)
,
ΛU
U,IJ
= c2
β
Re
[(
ZUhU
)†3I(ZUhUh†UZ†U
)IJ(ZUhU)J3] ,
ΛD
U,IJ
= c2
β
Im
[(
ZUhU
)†3I(ZUhUh†UZ†U
)IJ(ZUhU)J3] ,
ΛU
D,IJ
= s2
β
Re
[(
ZDhD
)†3I(ZDhDh†DZ†D
)IJ(ZDhD)J3] ,
ΛD
D,IJ
= s2
β
Im
[(
ZDhD
)†3I(ZDhDh†DZ†D
)IJ(ZDhD)J3] ,
Γ
R,i
U,IJ
=
√
xi
(
Re
[
Z3I
Q
(
ZU AˆUZQ
)†IJZJ3
U
]
cosϕi − Im
[
Z3I
Q
(
ZU AˆUZQ
)†IJZJ3
U
]
sinϕi
)
, (i = 1, or 3)
Γ
A,i
U,IJ
=
√
xi
(
Re
[
Z3I
Q
(
ZU AˆUZQ
)†IJZJ3
U
]
sinϕi + Im
[
Z3I
Q
(
ZU AˆUZQ
)†IJZJ3
U
]
cosϕi
)
, (i = 1, or 3)
Γ
S
U,IJ
=
√
xµ
(
Re
[(
h†
D
Z†
D
)3I(ZDAˆDZQ)IJ(Z†Qh†U
)J3]
cosϕµ
−Im
[(
h†
D
Z†
D
)3I(ZDAˆDZQ)IJ(Z†Qh†U
)J3]
sinϕµ
)
,
Γ
B
U,IJ
=
√
xµ
(
Re
[(
h†
D
Z†
D
)3I(ZDAˆDZQ)IJ(Z†Qh†U
)J3]
sinϕµ
+Im
[(
h†
D
Z†
D
)3I(ZDAˆDZQ)IJ(Z†Qh†U
)J3]
cosϕµ
)
,
Γ
T
U,IJ
= Re
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
][
c
β
√
xµ cosϕµ + sβ
√
x1 cosϕ1
]
+Im
[(
hUZQ
)
3I
(
ZU AˆUZQ
)†
IJ
ZJ3
U
][
c
β
√
xµ sinϕµ − sβ
√
x1 sinϕ1
]
,
Γ
U
U,IJ
= c
β
√
xµ
{
Re
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
]
cosϕµ + Im
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
]
sinϕµ
}
,
Γ
C
U,IJ
= Im
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
][
c
β
√
xµ cosϕµ + sβ
√
x1 cosϕ1
]
−Re
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
][
c
β
√
xµ sinϕµ − sβ
√
x1 sinϕ1
]
,
Γ
D
U,IJ
= c
β
√
xµ
{
Im
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
]
cosϕµ −Re
[(
h
U
Z
Q
)
3I
(
Z
U
Aˆ
U
Z
Q
)†
IJ
ZJ3
U
]
sinϕµ
}
,
Γ
V,i
U,IJ
= Re
[(
h†
U
Z†
U
)
3I
(
Z
U
Aˆ
U
Z
Q
)
IJ
Z†J3
Q
]
s
β
(
c
β
√
xµ cosϕµ + sβ
√
xi cosϕi
)
−Im
[(
h†
U
Z†
U
)
3I
(
Z
U
Aˆ
U
Z
Q
)
IJ
Z†J3
Q
]
s
β
(
c
β
√
xµ sinϕµ − sβ
√
xi sinϕi
)
, (i = 1, 2) ,
Γ
E,i
U,IJ
= Re
[(
h†
U
Z†
U
)
3I
(
Z
U
Aˆ
U
Z
Q
)
IJ
Z†J3
Q
]
s
β
(
c
β
√
xµ sinϕµ − sβ
√
xi sinϕi
)
+Im
[(
h†
U
Z†
U
)
3I
(
Z
U
Aˆ
U
Z
Q
)
IJ
Z†J3
Q
]
s
β
(
c
β
√
xµ cosϕµ + sβ
√
xi cosϕi
)
, (i = 1, 2) ,
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Γ
W
q,IJ
= s
β
c
β
√
xµ
{
Re
[(
h†
q
Z†
q
)
3I
(
ZqAˆqZQ
)
IJ
Z†J3
Q
]
cosϕµ
−Im
[(
h†
q
Z†
q
)
3I
(
ZqAˆqZQ
)
IJ
Z†J3
Q
]
sinϕµ
}
,
Γ
F
q,IJ
= s
β
c
β
√
xµ
{
Re
[(
h†
q
Z†
q
)
3I
(
ZqAˆqZQ
)
IJ
Z†J3
Q
]
sinϕµ
+Im
[(
h†
q
Z†
q
)
3I
(
ZqAˆUZQ
)
IJ
Z†J3
Q
]
cosϕµ
}
,
Γ
V,i
D,IJ
= −Re
[(
h†
D
Z†
D
)
3I
(
ZDAˆDZQ
)
IJ
Z†J3
Q
]
c
β
(
s
β
√
xµ cosϕµ + cβ
√
xi cosϕi
)
+Im
[(
h†
D
Z†
D
)
3I
(
Z
D
Aˆ
D
Z
Q
)
IJ
Z†J3
Q
]
c
β
(
s
β
√
xµ sinϕµ − cβ
√
xi sinϕi
)
,
Γ
E,i
D,IJ
= −Re
[(
h†
D
Z†
D
)
3I
(
Z
D
Aˆ
D
Z
Q
)
IJ
Z†J3
Q
]
c
β
(
s
β
√
xµ sinϕµ − cβ
√
xi sinϕi
)
−Im
[(
h†
D
Z†
D
)
3I
(
Z
D
Aˆ
D
Z
Q
)
IJ
Z†J3
Q
]
c
β
(
s
β
√
xµ cosϕµ + cβ
√
xi cosϕi
)
,
XR
U,IJK
= s2
β
Re
(
Z†3I
U
(Z
U
Aˆ
U
Z
Q
)IJ(Z
U
Aˆ
U
Z
Q
)†JKZ†K3
U
)
,
XA
U,IJK
= s2
β
Im
(
Z†3I
U
(Z
U
Aˆ
U
Z
Q
)IJ(Z
U
Aˆ
U
Z
Q
)†JKZ†K3
U
)
,
X S
q,IJK
= χqRe
(
(h
U
Z
Q
)3I(ZqAˆqZQ)†IJ(ZqAqZQ)JK(Z†Qh†U )3I
)
, (q = U, D; χ
U
= s2
β
, χ
D
= c2
β
) ,
XB
q,IJK
= χqIm
(
(h
U
Z
Q
)3I(ZqAˆqZQ)†IJ(ZqAˆqZQ)JK(Z†Qh†U )3I
)
, (q = U, D; χ
U
= s2
β
, χ
D
= c2
β
) ,
X T
q,IJK
= χqRe
[
Z3I
Q
(
ZqAˆqZQ
)†
IJ
(
ZqAˆqZQ
)
JK
Z†K3
Q
]
, (q = U, D; χ
U
= s2
β
, χ
D
= c2
β
) ,
XC
q,IJK
= χqIm
[
Z3I
Q
(
ZqAˆqZQ
)†
IJ
(
ZqAˆqZQ
)
JK
Z†K3
Q
]
, (q = U, D; χ
U
= s2
β
, χ
D
= c2
β
) ,
X U
q,IJK
= χqRe
[(
h†
q
Z†
q
)
3I
(
ZqAˆqZQ
)
IJ
(
ZqAˆqZQ
)†
JK
(
Zqhq
)
K3
]
, (q = U, D; χU = s
2
β
, χD = c
2
β
) ,
XD
q,IJK
= χqIm
[(
h†
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Z†
q
)
3I
(
ZqAˆqZQ
)
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(
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)†
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(
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)
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, (q = U, D; χU = s
2
β
, χD = c
2
β
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Figure 1: The Feynman diagrams inducing nontrivial contributions to the Wilson coefficients of the oper-
ators O
tqΦ1
and O
tqΦ6
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Figure 2: The Feynman diagrams inducing nontrivial contribution to theWilson coefficients of the operators
O
tqΦi
(i = 2, · · · , 5, 7 · · · , 10) in the full theory.
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Figure 3: The Feynman diagram corresponds to the first diagram of Fig. 2 in the effective theory.
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Figure 4: The Higgs self-energy diagrams which induce nonzero contributions to the Wilson coefficients of
operators Eq. (12) and Eq. (13).
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Figure 5: The Feynman diagrams which induce nontrivial contributions to the Wilson coefficients of the
operators OtΦi (i = 1, 2, 3).
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Figure 6: The one-particle-irreducible (1PI) Feynman diagrams which are related to the Wilson coefficients
of the operators OtΦi (i = 1, 2, 3) in the full theory, the gray bulbs represent the diagrams of Fig. 2.
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Figure 7: The 1PI Feynman diagrams related to the Wilson coefficients of the operators OtΦi (i = 1, 2, 3)
in (a) the full theory, (b) the effective theory.
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Figure 8: The Feynman diagrams which induce nontrivial contributions to the Wilson coefficients of the
operators O
qΦi
(i = 1, · · · , 6).
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Figure 9: The constraint from the anomalous coupling O
qΦ1,2
set by the Rb experimental data with 1σ
tolerance,on the soft breaking parameters m
Q
= m
U
= m
D
versus the µ parameter in the superpotential
with m1 = m2 = m3 = 500 GeV, At = Ab = 100 GeV, mH = 500 GeV and (a) tan β = 2; (b) tan β = 40.
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Figure 10: Relaxing the lower bound to −5×10−5 and keeping the upper bound unchanged as in Eq.(40), the
constraint from the anomalous coupling O
qΦ1,2
on the soft breaking parameters m
Q
= m
U
= m
D
versus the
µ parameter in the superpotential with m1 = m2 = m3 = 500 GeV, At = Ab = 100 GeV, mH = 500 GeV
and (a) tan β = 2; (b) tan β = 40.
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Figure 11: Taking µ = mi = 500 GeV (i = 1, 2, 3), At = Ab = 100 GeV, mH = 500 GeV, ∆Rb versus
squark masses m
Q
= m
U
= m
D
with tan β = 2 (solid line) or tan β = 40 (dashed line).
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Figure 12: ∆R
b
versus the parameter µ with mi = 500 GeV (i = 1, 2, 3), At = Ab = 100 GeV, mH =
500 GeV, and (a) solid-line: m
Q
= m
U
= m
D
= 1 TeV, tan β = 2, (b) dashed-line: m
Q
= m
U
=
m
D
= 1 TeV, tan β = 40, (c) dot-line: m
Q
= m
U
= m
D
= 500 GeV, tan β = 2, (d) dot-dashed-line:
m
Q
= m
U
= m
D
= 500 GeV, tan β = 40.
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Figure 13: Under the assumption m
Q
= m
U
= m
D
= |µ|, ∆R
b
versus the parameter µ. The other
parameters are taken as mi = 500 GeV (i = 1, 2, 3), At = Ab = 100 GeV, mH = 500 GeV and tan β = 2
(solid-line) tan β = 40 (dashed-line).
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